A multiscale analysis is conducted in order to examine the physical processes that resulted in prolonged heavy rainfall and devastating flash flooding across western and central Tennessee and Kentucky on 1-2 May 2010, during which Nashville, Tennessee, received 344.7 mm of rainfall and incurred 11 flood-related fatalities. On the synoptic scale, heavy rainfall was supported by a persistent corridor of strong water vapor transport rooted in the tropics that was manifested as an atmospheric river (AR). This AR developed as water vapor was extracted from the eastern tropical Pacific and the Caribbean Sea and transported into the central Mississippi Valley by a strong southerly low-level jet (LLJ) positioned between a stationary lee trough along the eastern Mexico coast and a broad, stationary subtropical ridge positioned over the southeastern United States and the subtropical Atlantic. The AR, associated with substantial water vapor content and moderate convective available potential energy, supported the successive development of two quasi-stationary mesoscale convective systems (MCSs) on 1 and 2 May, respectively. These MCSs were both linearly organized and exhibited back-building and echo-training, processes that afforded the repeated movement of convective cells over the same area of western and central Tennessee and Kentucky, resulting in a narrow band of rainfall totals of 200-400 mm. Mesoscale analyses reveal that the MCSs developed on the warm side of a slow-moving cold front and that the interaction between the southerly LLJ and convectively generated outflow boundaries was fundamental for generating convection.
Introduction a. Event overview
During 1-2 May 2010, two successive quasi-stationary mesoscale convective systems (MCSs; Fig. 1 ) produced historic 48-h (0000 UTC 1 May-0000 UTC 3 May) rainfall accumulations across western and central Tennessee and Kentucky that ranged from 200 to .400 mm (344.7 mm at Nashville; Fig. 2 ), exceeding the 1000-yr recurrence interval for 48-h rainfall totals at many locations (National Weather Service 2011, hereafter NWS11). The heavy rainfall produced during the life spans of the two MCSs (;0600 UTC 1 May-0000 UTC 2 May and ;0900 UTC 2 May-0000 UTC 3 May, respectively) resulted in devastating flooding throughout the Cumberland River and Tennessee River basins of Tennessee and Kentucky, with all-time record water levels and discharges observed at several river gauging sites (NWS11). The Nashville, Tennessee, metropolitan area was heavily impacted by flooding of the Cumberland River and its tributaries, incurring 11 fatalities and nearly $2 billion in damages to infrastructure and property (NWS11). In total, flooding resulted in 26 fatalities and caused $2-$3 billion in damages throughout Tennessee and Kentucky during 1-4 May (NWS11).
A distinguishing aspect of this high-impact extreme rainfall event was that it was linked to the formation and persistence of a conspicuous narrow plume of enhanced vertically integrated water vapor (IWV), depicted in Figs. 3a-d and in the supplemental material, that extended into the central Mississippi Valley from a tropical IWV reservoir (values of 65-75 mm) over the eastern tropical Pacific near Central America. These IWV observations are illustrative of possible direct water vapor transport from the tropics into the heavy rain region of Tennessee and Kentucky during 1-2 May, with potential water vapor contributions from the eastern tropical Pacific and from, as suggested by Higgins et al. (2011) , the Caribbean Sea. Furthermore, the narrow structure of the enhanced IWV plume stretching poleward from the tropics suggests that water vapor transport was concentrated within a narrow corridor or, specifically, an ''atmospheric river'' (AR; e.g., Newell et al. 1992; Zhu and Newell 1998; Ralph et al. 2004) .
Atmospheric rivers have received considerable attention in the scientific literature in relation to extratropical cyclones over open ocean basins and to heavy precipitation along the western coasts of continents; however, very few studies have focused on ARs over the central United States and their possible role in producing heavy rainfall therein. Given this relative gap in research related to central U.S. ARs and given the extreme rainfall and catastrophic flooding in Tennessee and Kentucky during 1-2 May 2010, this paper examines the AR event of 1-2 May 2010 with specific focus on diagnosing 1) the synoptic-scale processes and flow features facilitating water vapor transport from the tropics into the central Mississippi Valley, and 2) the role of the AR in producing nearly continuous heavy convective rainfall over a 2-day period. Within the latter component, the mesoscale conditions and physical mechanisms that served to focus heavy rainfall along a relatively narrow corridor in Tennessee and Kentucky during 1-2 May will be investigated. This mesoscale investigation is crucial because, despite operational forecasters' recognition of the potential for heavy rainfall and flash flooding throughout the central Mississippi 
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Valley region during 1-2 May several days in advance of this event, the magnitude of the extreme rainfall totals and the spatially focused nature of the rainfall distribution across Tennessee and Kentucky ( Fig. 2) were not well anticipated (NWS11).
b. Linkage between tropical water vapor and heavy precipitation at midlatitudes
Poleward transports of water vapor from the tropics contributing to heavy precipitation at midlatitudes typically occur in connection with meso-alpha-scale and synoptic-scale weather systems, such as extratropical cyclones (e.g., Lackmann and Gyakum 1999; Neiman et al. 2008a,b; Ralph et al. 2011) , slow-moving subtropical lows (e.g., Knippertz and Martin 2005, 2007) , and tropical cyclones (e.g., Bosart and Carr 1978; Higgins et al. 2004; Stohl et al. 2008; Galarneau et al. 2010) . Over the North Pacific and North Atlantic Ocean basins, tropical water vapor transports are frequently facilitated by ARs (e.g., Zhu and Newell 1998) . These ARs typically form in connection with the precold-frontal low-level jet (LLJ) located within the warm sectors of transient maritime extratropical cyclones (e.g., Ralph et al. 2004) , constituting a narrow substructure of the broad ''warm conveyor belt' ' (e.g., Browning 1990; Carlson 1991) . When ARs make landfall in regions of steep mountainous terrain, such as the western coast of North America, strong and concentrated upslope water vapor flux, in the presence of weak static stability and large water vapor content (IWV values .20 mm), can produce heavy orographic precipitation and flooding (e.g., Ralph et al. 2003 Ralph et al. , 2004 Ralph et al. , 2005 Ralph et al. , 2006 Neiman et al. 2008a Neiman et al. ,b, 2011 Stohl et al. 2008; Smith et al. 2010; Ralph and Dettinger 2011) .
In a scenario that has classically been referred to as the ''Pineapple Express'' (e.g., Lackmann and Gyakum 1999; Dettinger 2004; , ARs over the eastern North Pacific contributing to heavy precipitation along the west coast of North America can exhibit a direct connection to a tropical Pacific water vapor reservoir near the Hawaiian Islands (e.g., Bao et al. 2006; Neiman et al. 2008a,b; Ralph et al. 2011 ). Though they did not apply the AR terminology, Knippertz and Martin (2007) documented the important role of a quasi-stationary midlevel cutoff low over the eastern subtropical Pacific for transporting water vapor at midlevels from the tropics into the southwestern United States, fueling widespread heavy precipitation in an otherwise arid region. For the North Atlantic, Stohl et al. (2008) documented the role of an AR associated with two former hurricanes undergoing extratropical transition in transporting water vapor from the tropical Atlantic to the western coast of Norway, contributing to extreme orographically forced precipitation near the city of Bergen, Norway. Additionally, Halverson and Rabenhorst (2010) suggested that an AR rooted in the tropics contributed to a high-impact heavy snowfall event during 5-6 February 2010 in the mid-Atlantic region of the United States. Numerous studies have discussed the important linkage between water vapor transported from the Gulf of Mexico and the Caribbean Sea and heavy rainfall in the central United States (e.g., Benton and Estoque 1954; Bell and Janowiak 1995; Trenberth and Guillemot 1996; Higgins et al. 1997 Higgins et al. , 2011 Dirmeyer and Kinter 2009, 2010; Knippertz and Wernli 2010) . On synoptic scales, this linkage, recently dubbed the ''Maya Express'' by Dirmeyer and Kinter (2009) and discussed in detail by Dirmeyer and Kinter (2010) , is typically established when moist low-level air originating within the planetary boundary layer (PBL) over the Caribbean Sea and the Gulf of Mexico is transported westward and poleward by anticyclonic low-level flow on the periphery of a persistent subtropical ridge positioned over the southeastern United States and the subtropical Atlantic. Upon reaching the Gulf of Mexico coast, this moist air is transported rapidly poleward into the central United States by a southerly LLJ, eventually producing heavy rainfall when it is forced to ascend.
Transports of water vapor from the tropics into the central United States can occur in connection with ARs. However, owing to the complex physical geography of the North American continent and its impacts on the development of synoptic-scale weather systems (e.g., Hobbs et al. 1996) , the synoptic-scale flow configurations and processes associated with central U.S. ARs likely differ from those associated with ''classic'' precold-frontal ARs over open-ocean basins. Specifically, in the spring and early summer, southerly LLJs that support water vapor transport into the central United States commonly develop in connection with a strong low-level pressure (or geopotential height) gradient between a developing terrain-induced lee trough or extratropical cyclone to the east of the Rocky Mountains and a subtropical ridge over the southeastern United States and may not involve a well-defined surface cold front (e.g., Djurić and Damiani 1980; Uccellini 1980; Augustine and Howard 1991; Martin et al. 1995; Mo et al. 1995) .
When moist tropical air is drawn poleward from the Gulf of Mexico and the Caribbean Sea into the central United States by a southerly LLJ, large tropospheric water vapor content combined with large convective available potential energy (CAPE) can often support deep moist convection. Locally extreme rainfall can result when deep moist convection is anchored over a location for a prolonged period of time, a scenario that commonly occurs in association with quasi-stationary MCSs (e.g., Chappell 1986; Doswell et al. 1996; Schumacher and Johnson 2005) . Quasi-stationary heavy-rainproducing MCSs often develop when a stream of warm, moist, and unstable (i.e., large CAPE) air, advected by an LLJ, impinges upon a quasi-stationary low-level mesoscale baroclinic zone (e.g., frontal boundary, convectively generated outflow boundary), producing the requisite lift, water vapor convergence, and thermodynamic destabilization to continuously generate convection (e.g., Maddox et al. 1979; Chappell 1986; Trier and Parsons 1993; Junker et al. 1999; Moore et al. 2003; Schumacher and Johnson 2005) .
c. Organization of paper
The remainder of this paper is organized as follows. Section 2 provides an overview of the key datasets used for analysis. Section 3 discusses the evolution of the synoptic-scale conditions over North America during 1-2 May 2010. The physical processes supporting heavy rainfall are diagnosed in section 4. Last, section 5 provides the synthesis and conclusions.
Key datasets
The multiscale analysis in the present study draws upon a variety of observational and numerical model-based datasets. Observational datasets include the following: (i) National Precipitation Verification Unit (NPVU; http:// www.hpc.ncep.noaa.gov/npvu/) quantitative precipitation estimates (QPE) product (McDonald and Baker 2001) gridded at 4-km horizontal resolution, (ii) national composite radar reflectivity mosaics from the National Mosaic and Multisensor QPE project (Vasiloff et al. 2007) The National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) 6-h model analyses with 0.58 3 0.58 horizontal and 50-hPa (25 hPa between 1000 and 900 hPa) vertical resolution were used to generate synoptic-scale charts and to perform diagnostic calculations. Some mesoscale charts and diagnostics were generated using the Rapid Update Cycle (RUC) hourly model analyses (Benjamin et al. 2004 ) with 13-km horizontal and 25-hPa vertical resolution. For select analysis times, normalized anomaly fields were generated from the NCEP GFS analyses, using, as in Hart and Grumm (2001) , the 21-day running long-term mean and standard deviation values, centered on the day being investigated, that were computed from the 2.58 NCEP-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset (Kalnay et al. 1996) .
1 Backward air parcel trajectories were computed from the NCEP Global Data Assimilation System (GDAS) 6-h model analyses, with 18 3 18 horizontal and 50-hPa (25 hPa between 1000 and 900 hPa) vertical resolution, using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess 1997; Draxler and Rolph 2011) .
Synoptic overview a. Conditions during 1-2 May 2010
At 0000 UTC 1 May, a deep positively tilted 250-hPa trough was situated over southwestern North America upstream of closed low associated with a deep occluded cyclone over the northern plains (Figs. 4a, b) . To the east of the northern plains cyclone, a prominent 250-hPa ridge was in place across the eastern United States and eastern Canada (Fig. 4a) , flanked to the southeast by a broad 850-hPa ridge centered over the subtropical Atlantic (Fig. 4b) . To the southeast of the 250-hPa trough over southwestern North America, deep tropospheric southwesterly flow (not shown) beneath a relatively diffuse 250-hPa jet streak ( Fig. 4a ) extended across the high terrain of the Mexican Plateau (see Fig. 8a for terrain map), the Gulf of Mexico, and the southern United States. An 850-hPa lee trough was positioned along the eastern Mexico coast from the Texas-Mexico border to Central America ( a strong geopotential height gradient between the lee trough and the subtropical ridge and with a strong geopotential height gradient in the warm sector of the northern plains cyclone (Fig. 4b) . Warm advection was evident along the axis of the LLJ over the Gulf of Mexico and the south-central United States to the east of the cold front trailing from the northern plains cyclone (Fig. 4b) .
Through the subsequent 36 h, during which the two MCSs developed, the 250-hPa trough progressed slowly southeastward across the southwestern United States and northern Mexico, while the 250-hPa ridge over the eastern United States and eastern Canada amplified and remained generally stationary (Figs. 4a, c, e, g ). Ahead of the trough, the southwesterly 250-hPa jet streak strengthened and shifted northeastward from northern Mexico into the central United States (Figs. 4a, c, e, g ). The two MCSs were positioned beneath the equatorward jet exit region and the anticyclonic shear side of the jet core (Figs. 4c,g), respectively, and not beneath regions typically favorable for jet-related forcing of ascent (e.g., Uccellini and Johnson 1979) . At 850 hPa, the lee trough and the subtropical ridge remained stationary during 1-2 May, maintaining strong poleward flow (i.e., the LLJ) across Central America, the Gulf of Mexico, and the south-central United States (Figs. 4b, d, f, h) .
During 1-2 May, the LLJ maintained warm advection over the Gulf of Mexico and south-central United States, corresponding to weak quasigeostrophic forcing for ascent in the lower troposphere as diagnosed from calculations of Q-vector convergence (e.g., Hoskins et al. 1978 ; not shown), and contributed to a steady poleward stream of water vapor (IWV values 45-60 mm) from a tropical IWV reservoir near Central America, across the Gulf of Mexico, and into the environments of the two MCSs (Figs. 4b,d,f,h ). During the time period, the MCSs were positioned along the axis of the LLJ to the east of the trailing cold front, which was essentially stationary across the central United States (Figs. 4b,d ,f,h). By 1200 UTC 2 May, a contiguous narrow band of IWV values exceeding 50 mm extended from the Yucatan Peninsula into the environment of the second MCS over western Tennessee (Fig. 4h) . The development of this narrow band of large IWV coincided with an enhancement of confluence and a local acceleration of winds from 15-20 to 25-30 m s 21 at 850 hPa across Mississippi, Alabama, Tennessee, and Kentucky (Figs. 4d,f,h ) accompanying the passage of a mesoscale frontal wave (labeled ''3'' in Figs. 4d,f,h) across the central Mississippi Valley.
By 0000 UTC 3 May (not shown), the second MCS had begun to move eastward as the upstream 250-hPa trough progressed into the central plains. Low-level cold advection had developed across the central Mississippi Valley, causing the cold front to advance eastward across the region. The axis of large IWV had begun to shift eastward ahead of the cold front and the associated 250-hPa trough, giving way to much drier tropospheric conditions and generally signaling the dissipation of convection across western and central Tennessee and Kentucky.
b. Anomalous synoptic-scale conditions
To provide perspective on the anomalous nature of the synoptic-scale conditions over North America relative to climatology during 1-2 May 2010, normalized anomalies of 850-hPa geopotential height and IWV are presented in Fig. 5 for 1200 UTC 1 May and 1200 UTC 2 May. For both analysis times, the lee trough along the eastern Mexico coast was associated with 850-hPa geopotential height anomalies in excess of 3 standard deviations below the climatological mean, while the subtropical ridge centered over the Atlantic was associated with anomalies exceeding 1.0 standard deviation above the mean through a large region over the western Atlantic, the Caribbean Sea, and the southeastern United States, with the areal coverage of positive anomalies increasing from 1 to 2 May. The juxtaposition of these negative and positive 850-hPa geopotential height anomalies established an anomalous geopotential height gradient and a corridor of anomalous poleward 850-hPa geostrophic flow (i.e., the LLJ) across the Gulf of Mexico and south-central United States.
At 1200 UTC 1 May, IWV anomalies of 1.5-2.5 standard deviations above the mean extended from the Yucatan Peninsula into the central Mississippi Valley (Fig. 5a) . A notable feature at 1200 UTC 1 May was a large region of IWV anomalies ranging from 2.5 to well over 4 standard deviations above the mean (Fig. 5a ), which coincided with the tropical IWV reservoir near Central America (e.g., Fig. 4d ). By 1200 UTC 2 May, this region of highly anomalous IWV appeared to have stretched poleward across the Yucatan Peninsula and the central Gulf of Mexico (Fig. 5b) . Concurrently, IWV anomalies across the Gulf of Mexico and the south-central United States had increased to .2.5 standard deviations above the mean within a narrow band (Fig. 5b) . (qV) dp g ,
where q is the specific humidity, V is the horizontal wind, p o is 1000 hPa, p is 300 hPa, and g is the acceleration due to gravity. 
from the Caribbean Sea across the Gulf of Mexico and into the Great Lakes region (Fig. 6a) extended from the Louisiana coast into western Tennessee and Kentucky (Fig. 6b) , intersecting the western flank of the first MCS (e.g., Fig. 1a) . The narrow and concentrated distribution of IVT at 1200 UTC 1 May demonstrates the presence of an AR (see Neiman et al. 2008a, their Fig. 5 ).
During the subsequent 24-h period, the IVT corridor strengthened and became increasingly confluent across Central America, the Gulf of Mexico, and the southern Mississippi Valley (Figs. 6b-d) . By 1200 UTC 2 May, the IVT corridor had become exceptionally narrow and concentrated (Fig. 6d) ) of the IVT corridor extended from central Mississippi to southwestern Kentucky (Fig. 6d) , intersecting the western flank of the second MCS (Fig. 1b) Neiman et al. (2008b) and Ralph et al. (2011) , respectively. This difference in IVT magnitude is likely attributable to the larger observed AR water vapor content for this event (maximum IWV value of 65 mm; Fig. 4h ) compared with that observed for those two cases (maximum IWV values of ;50 and ;40 mm, respectively).
A factor that was likely fundamental regarding the long duration of heavy rainfall during 1-2 May 2010, resulting in extreme rainfall totals, was the marked persistence of intense IVT (Fig. 6 ) and anomalous IWV (Figs. 4 and 5 ) in the heavy rainfall region. This issue of persistence is demonstrated simply through a time integration of IVT from 0000 UTC 1 May to 0000 UTC 3 May, which yields a corridor of concentrated IVT directed across the Gulf of Mexico into the central Mississippi Valley (Fig. 7) . Importantly, the region of heavy rainfall in Tennessee and Kentucky, represented in Fig. 7 by the 200-mm rainfall contour for 0000 UTC 1 May-0000 UTC 3 May, was positioned directly poleward of the core of the time-integrated IVT corridor.
2) TRAJECTORY ANALYSIS
To further investigate the transport of water vapor into the heavy rainfall region in Tennessee and Kentucky during 1-2 May 2010, we now assume a Lagrangian perspective through backward air parcel trajectory analysis. For this analysis, three groups of twelve 72-h backward air parcel trajectories ending at 1000 (;880), 4000 (;620), and 6000 m AGL (;500 hPa), respectively, within a 2.58 latitude 3 58 longitude box centered over Tennessee were computed. For concision, we present only the results for trajectories ending at 1200 UTC 2 May (Fig. 8) , an analysis time at which strong AR conditions were present (Fig. 6d) . It should, however, be noted that qualitatively similar results were obtained when backward trajectories were computed for other times between 1200 UTC 1 May and 0000 UTC 3 May.
The trajectories demonstrate that winds veered with height over the Gulf of Mexico and the south-central United States, indicating geostrophic warm advection and corresponding to general ascending motion during 0000 UTC-1200 UTC 2 May (Figs. 8a,b) . Air parcels ending at 1000 m AGL generally originated between the surface (;1015 hPa) and 2000 m AGL (;800 hPa; median pressure value of 890 hPa in Fig. 8b) , within a relatively moist air mass [median relative humidity (RH) value of ;78% and median mixing ratio (MR) value of ;12 g kg 21 ; Fig. 8c ] over the Caribbean Sea (Fig. 8a) . These parcels moistened (median MR value increasing to ;16 g kg
21
; Fig. 8c ) along their trajectories, possibly in association with turbulent mixing in the marine PBL, and exhibited gradual descending motion (Fig. 8b) as they moved anticyclonically westward across the Caribbean Sea and into the Gulf of Mexico during 1200 UTC 29 April-1800 UTC 1 May. The air parcels subsequently moved poleward into the south-central United States (Fig. 8a) and gradually ascended between 1800 UTC 1 May and 1200 UTC 2 May. As the air parcels moved into the heavy rainfall region over Tennessee during 2 May, they exhibited increases in RH (median value increasing to ;98%) and decreases in water vapor content (median MR value decreasing to ;14 g kg 21 ; Fig. 8c ), suggesting that condensation and precipitation occurred along the trajectories.
Air parcels ending at 4000 m AGL generally originated between 800 m (;925 hPa) and 3000 m AGL (;700 hPa; median pressure value of 770 hPa in Fig. 8b ) near Central America (Fig. 8a) , a region which NOAA/ NESDIS IWV imagery reveals was quite moist (IWV values of 60-75 mm) during 29-30 April (not shown). Consequently, this set of air parcels began with relatively high RH and MR values (median values of ;90% and ;11 g kg 21 , respectively; Fig. 8c ). As the parcels moved poleward and descended in the lee of the high terrain of Honduras, Guatemala, and southern Mexico during 1200 UTC 30 April-1200 UTC 1 May (Figs.  8a,b) , the median parcel RH steadily decreased to ;50% and the median parcel MR stayed relatively constant at 8-10 g kg 21 (Fig. 8c) , suggesting that the parcels warmed sensibly. Between 1200 UTC 1 May and 1200 UTC 2 May, the air parcels moved rapidly poleward across the central Gulf of Mexico and into the south-central United States (Fig. 8a) , rapidly ascending ( Fig. 8b) and losing large portions of their water vapor content (median MR value decreasing to ;4 g kg 21 ; Fig. 8c ) as they entered the heavy rainfall region between 0600 and 1200 UTC 2 May. This loss of water vapor content was likely associated with condensation and precipitation, but may also have been related to entrainment of dry midlevel air (note the drop in RH between 0600 and 1200 UTC 2 May; Fig. 8c ).
Air parcels ending at 6000 m AGL originated between 4000 m (;640 hPa) and 5500 m AGL (;520 hPa; median pressure value of 595 hPa shown in Fig. 8b ) within a very dry air mass (median RH value of ;6% and median MR value of ;0.5 g kg
; Fig. 8c ) over the Pacific to the southwest of Mexico (Fig. 8a) . These air parcels generally remained quite dry (median RH values 5%-25% and median MR values of 0.5-1.5 g kg 21 ; Fig.  8c ) through the 72-h period as they moved cyclonically across the southern Mexican Plateau, the western Gulf of Mexico, and the south-central United States (Fig. 8a) . During 0000-1200 UTC 2 May, the parcels accelerated northeastward downstream of the upper-level trough axis (Fig. 8a) and abruptly ascended, with median RH values remaining below 30% (Figs. 8b,c) .
The trajectory analysis described above identifies two primary tropical source regions for moist air entering the heavy rainfall region in Tennessee and Kentucky: 1) over the Caribbean Sea (trajectories ending at 1000 m AGL), and 2) near Central America over the eastern tropical Pacific (trajectories ending at 4000 m AGL). Moving across the Caribbean Sea and the Gulf of Mexico at low levels, the air parcels ending at 1000 m AGL likely also acquired a portion of their water vapor content through turbulent mixing within the marine PBL.
The confluence and superposition of the two moist airstreams over the central Gulf of Mexico along ;908W during 1200 UTC 1 May-1200 UTC 2 May (Fig. 8a) appeared to approximately coincide with the formation of the plume of enhanced IWV (Figs. 3a-c and 4d ,f,h) and with the intensification of the narrow corridor of IVT (i.e., the AR; Figs. 6b-d) across the Gulf of Mexico and the south-central United States. In general, air parcels entering the heavy rainfall region above ;600 hPa were exceptionally dry. The superposition of this dry midlevel air and the very moist air at lower levels likely provided a key mechanism for a buildup of CAPE, favoring deep moist convection and MCS development.
b. Mesoscale analysis
We have thus far shown that persistent heavy rainfall during 1-2 May 2010 across Tennessee and Kentucky, taking the form of two MCSs, was supported on the synoptic scale by strong water vapor transport from the Soundings at 1200 UTC 1 May from Nashville, Tennessee (BNA), and Jackson, Mississippi (JAN) (Fig. 9) , elucidate key characteristics of the environment that favored deep moist convection during the first period of heavy rainfall. At both BNA and JAN, very moist conditions were present, with observed IWV values of 50 and 44 mm, respectively. At BNA, which had a CAPE value of 417 J kg 21 , the environment was nearly saturated between the surface and 450 hPa, with two moist absolutely unstable layers (MAULs; Bryan and Fritsch 2000) evident between 700 and 575 hPa and between 525 and 450 hPa, respectively. Additionally, strong (20-30 m s
21
) southwesterly winds were present between 850 hPa and the tropopause, a wind profile favorable for the development of linearly organized MCSs (e.g., Parker and Johnson 2000) . At JAN, a MAUL was evident from just above the surface to ;800 hPa, while very dry conditions and relatively steep lapse rates were in place aloft (note the elevated mixed layer between 700 and 600 hPa). This configuration in the JAN sounding was associated with a CAPE value of 1816 J kg 21 and was convectively unstable (i.e., equivalent potential temperature decreasing with increasing height; not shown). The low-level winds at JAN were strong and veered from south-southeasterly to southwesterly between the surface and 700 hPa, indicating the presence of low-level geostrophic warm advection, while strong (20-50 m s 21 ) southwesterly winds prevailed aloft. During 0900-1200 UTC 1 May, the first MCS, which was characterized by a ''trailing stratiform'' organizational mode (Parker and Johnson 2000) , moved eastward across western Tennessee and western Kentucky ahead of the slow-moving synoptic-scale cold front extending southward from the cyclone over the northern plains (Figs.  10a,b) . This eastward MCS movement occurred as the associated convectively generated cold pool progressed northeastward (Figs. 10a,b) in the direction of the southwesterly midlevel (i.e., ;700-400 hPa) flow (Fig. 9) . With the arrival of the cold pool into Tennessee, abrupt temperature decreases and sea level pressure (SLP) increases were evident at Jackson, Tennessee (MKL), and BNA, while dewpoint temperatures remained consistently between 168 and 208C at both locations (Figs. 11a,b) .
As the cold pool pushed northeastward between 0900 and 1200 UTC, the trailing segment of the outflow boundary on its southwestern periphery, characterized by a surface potential temperature u sfc gradient of ;2 K (100 km)
, became oriented parallel to the midlevel southwesterly flow and stalled along the southwestern Tennessee border (Figs. 10a,b) . Intersected by moist (surface MR values of 15-19 g kg 21 ) southerly surface flow and positioned in the vicinity of moderate CAPE (Fig. 9) , this stationary segment of the outflow boundary became the focus for the repeated development of new convective (reflectivity values .45 dBZ) cells on the upstream (relative to the midlevel flow; Fig. 9 ) flank of the leading convective line (Figs. 10a,b) , a process known as ''back building'' (e.g., Bluestein and Jain 1985; Schumacher and Johnson 2005) . Surface convergence within the region of new cell development over southwestern Tennessee along the outflow boundary was evident during 0900-1200 UTC by a decrease in wind speed (;5 to 2.5 m s
) and a shift in wind direction (southerly to easterly) from Memphis, Tennessee (MEM), to MKL (Figs. 11b,c) . The convective line at 0900 and 1200 UTC appeared as a nearly contiguous band of reflectivity values of .45 dBZ (Figs. 10a,b) , possibly indicating the presence of ''layer lifting'' along the outflow boundary (James et al. 2005) . Layer lifting, consistent with the observed MAULs at 1200 UTC at BNA and JAN ( Fig. 9 ; Bryan and Fritsch 2000) , was plausibly forced in connection with the interaction of the southerly LLJ with the outflow boundary (e.g., James et al. 2005 ), a signature of which was a band of strong 925-hPa frontogenesis 2 over western Tennessee at 1200 UTC (Fig. 12a) .
During 1200-2100 UTC 1 May, concurrent with the development of a mesoscale SLP ridge, or ''mesohigh'' (e.g., Maddox et al. 1979) , over central Tennessee and Kentucky, the cold pool was enhanced (Figs. 10b-d) , likely in connection with evaporational cooling across Tennessee and Kentucky. Concurrently, the stationary outflow boundary over southwestern Tennessee strengthened, with its associated u sfc gradient increasing to ;7 K (100 km) 21 by 2100 UTC (Fig. 10d) . During this time period, winds to the north of the outflow boundary at BNA and MKL became increasingly easterly while winds just to the south over northern Mississippi and Alabama remained southerly (Figs. 10b-d  and 11a,b) . Between 1500 and 2100 UTC, the organizational mode of the MCS came to resemble the training line/adjoining stratiform (TL/AS) extreme-rain-producing MCS archetype documented by Schumacher and Johnson (2005) , with new convective cells continuously developing on the upstream flank of the convective line (i.e., back building) while older cells moved down stream across central Tennessee approximately parallel to the convective line, a process commonly called ''echo training,'' and eventually dissipated (Figs. 10c,d) . By the 2100 UTC, the MCS was positioned parallel to and on the cool side of the outflow boundary (Fig. 10d) in the vicinity of strong 925-hPa frontogenesis established at the intersection of the LLJ with the outflow boundary (Fig. 12b) .
The back building of convection observed between 0900 and 2100 UTC 1 May yielded an MCS that was nearly stationary during the time period. This situation is depicted clearly by a time-longitude plot of radar reflectivity (Fig. 13) , with data averaged between 33.58 and 35.08N for 0000 UTC 1 May-0300 UTC 2 May and between 358 and 36.58N for 0300 UTC 2 May-1200 UTC 3 May. This plot shows the initial eastward progression of the first MCS between 0000 and 0900 UTC 1 May followed by a conspicuous stalling of the MCS during 0900-2100 UTC between ;918 and ;888W, reflecting the back-building process. The MCS eventually progressed eastward while dissipating after 0000 UTC 2 May.
2) SECOND PERIOD OF HEAVY RAINFALL:
2 MAY 2010
Soundings from BNA and JAN at 1200 UTC 2 May (Fig. 14) depict favorable environmental conditions for deep moist convection during the second period of heavy rainfall. The conditions at BNA and JAN were characterized by large water vapor content (IWV values of 50 and 47 mm, respectively) and moderate CAPE (values of 1227 and 1766 J kg 21 , respectively). At both locations very moist conditions in the lowest 300 hPa were topped by dry conditionally unstable layers aloft (;700-480 hPa at BNA; ;850-650 and ;550-350 hPa at JAN), consistent with the moderate CAPE values and corresponding to convective instability (not shown). Importantly, at both locations weak convective inhibition was evident, indicating that only weak lifting was required for CAPE to be released. At BNA, the dry conditionally unstable layer was capped by a conspicuous layer of strong static stability and substantial moistening with height between ;470 and ;400 hPa, indicative of the presence of an upper-level frontal zone and consistent with the smaller observed CAPE at BNA compared with JAN. Winds at BNA and JAN veered from southerly to southwesterly with height in the lowest 300 hPa, indicating the presence of low-level geostrophic warm advection, while strong (25-45 m s
21
) southwesterly flow prevailed above 700 hPa at both locations.
Between 0000 and 0900 UTC 2 May (not shown), widespread convection developed across western portions of Tennessee and Kentucky along the remnant outflow boundary associated with the first MCS. This convection appeared to be initiated in conjunction with the passage of the previously discussed low-level mesoscale frontal wave, which was represented at 0900 UTC by an SLP trough (labeled ''L'' in Fig. 15a ) over northeastern Arkansas, southeastern Missouri, and southern Illinois. During 0900-1500 UTC, convection became linearly organized, resembling the parallel stratiform (PS) MCS archetype documented by Parker and Johnson (2000) , and stretched from northern Mississippi to central Kentucky on the warm side (i.e., to the east) of the slow-moving synoptic-scale cold front associated with the northern plains cyclone (Figs. 15a-c) . This mesoscale organization took shape as individual convective cells and adjoining regions of stratiform precipitation moved rapidly northeastward in the direction of the strong midlevel (i.e., ;800-450 hPa) southwesterly flow (Fig. 13) , a key process in the formation of PS MCSs (Parker and Johnson 2000; Parker 2007) . Individual convective cells associated with the MCS generally moved parallel to the convective line, repeatedly training through a narrow corridor across northern Mississippi, west-central Tennessee, including the Nashville area, and central Kentucky (Figs. 15a-c) .
During 1200-1500 UTC, the acquisition of the linear structure of the MCS was concurrent with the formation of an elongated surface cold pool parallel to the axis of convection (Figs. 15b,c) . The formation of the cold pool was marked by a relatively modest temperature decrease of 38C at BNA, whereas at MKL and MEM significant temperature changes were nearly absent (Fig. 11) , owing to the relatively narrow structure of the cold pool (Figs.  15b,c) . The outflow boundary on the southern periphery of the cold pool, with a u sfc gradient of ;3.5 K (100 km)
, was oriented parallel to the southwesterly midlevel flow and was nearly stationary (Fig. 15b,c) . The MCS exhibited back building during 1200-1500 UTC as new convective cells developed on the southwestern flank of the convective line along of the outflow boundary in the presence of moist (MR values of 16-18 g kg 21 ) southerly surface flow (Figs. 15b,c) . This back building of convection coincided with the development of 925-hPa frontogenesis over northern Mississippi, central Tennessee, and central Kentucky at the intersection of the southerly LLJ with the outflow boundary (Figs. 16a,b) .
The repeated development of new convective cells approximately balanced the northeastward motion of older convective cells and thereby caused the second MCS to be nearly stationary during its life span (Figs. 15b,c; e.g., Chappell 1986; Corfidi 2003) . This stationary nature of the second MCS is demonstrated in Fig. 13 by a stationary column of reflectivity values of 15-40 dBZ confined between ;888 and ;868W during ;0900 UTC 2 May-0000 UTC 3 May. In addition, this column was traversed by eastward-moving streaks of enhanced reflectivity, representing the training of individual convective cells within the stationary convective line.
Synthesis and conclusions
Two consecutive periods of heavy rainfall during 1-2 May 2010 associated with two successive quasi-stationary FIG. 15 . As in Fig. 10 , but for (a) 0900 UTC 2 May, (b) 1200 UTC 2 May, and (c) 1500 UTC 2 May 2010. The ''L'' symbol in (a) marks the position of the SLP minimum associated with the frontal wave described in the text.
MCSs resulted in record-breaking rainfall totals and devastating flooding across portions of Tennessee and Kentucky, including the Nashville area. In the present study, a multiscale examination of the physical processes associated with this high-impact event was conducted.
The key results are discussed in the text below and illustrated schematically in Fig. 17 . A primary finding of the present study was that heavy rainfall associated with MCS development during 1-2 May was supported by a persistent narrow corridor of strong water vapor transport (thick blue arrow in Fig.  17 ) rooted over the eastern tropical Pacific and the Caribbean Sea that was manifested as an AR (e.g., Newell et al. 1992; Zhu and Newell 1998; Ralph et al. 2004) . Results indicate that, in contrast to oft-documented maritime ARs, which are migratory features that develop over ocean basins in connection with the precoldfrontal LLJ associated with extratropical cyclones, the AR discussed in the present study was a static feature, developing in association with stationary synoptic-scale flow features (i.e., the lee trough along the eastern coast of Mexico and the subtropical ridge) that maintained strong and persistent confluent poleward low-level flow (i.e., the LLJ) from the tropics across the Gulf of Mexico and the south-central United States (Fig. 17) . The persistence of the poleward flow allowed tropical water vapor to be continuously ''tapped'' and transported poleward into the heavy rainfall region, analogous to the ''tropical tap'' process discussed by Ralph et al. (2011) in the context of an AR event over the eastern North Pacific.
Akin to the precipitation impacts commonly associated with landfalling maritime ARs (e.g., Ralph et al. 2006; Neiman et al. 2008a Neiman et al. ,b, 2011 Stohl et al. 2008) , the AR in the present study contributed to the generation of persistent heavy rainfall, which was anchored over Tennessee and Kentucky during 1-2 May 2010. However, the mesoscale processes by which heavy rainfall was generated and anchored during the May 2010 event were fundamentally distinct from those typically associated with landfalling maritime ARs, occurring in connection with two quasi-stationary MCSs as opposed to persistent orographically forced stratiform/shallow convective precipitation. For each MCS, new convective cells repeatedly developed on the upstream flank of the convective line (i.e., back building) while older cells moved downstream parallel to the convective line (i.e., echo training). In this scenario, the vector sum of the propagation and advection components of the system motion (e.g., Chappell 1986; Doswell et al. 1996; Corfidi 2003) was nearly zero for each MCS, causing each MCS to be quasi-stationary and resulting in prolonged heavy rainfall across Tennessee and Kentucky during 1-2 May.
The synoptic-scale configuration within which the two MCSs developed (Fig. 17) closely resembled the classic ''synoptic'' type flash-flood pattern documented by Maddox et al. (1979) , with MCS development occurring 1) downstream of a high-amplitude, slow-moving upperlevel trough, 2) on the warm side of a slow-moving synoptic-scale cold front, and 3) in the presence of a warm, moist, and unstable airstream (i.e., the AR) transported by strong low-level winds (i.e., the LLJ). The AR extending into the central Mississippi Valley on the warm side of the slow-moving cold front remained generally stationary during 1-2 May, affording a continuous supply of abundant water vapor and, overlaid by a midlevel stream of dry and conditionally unstable air, moderate CAPE. On the mesoscale, lifting necessary to continuously realize CAPE and to ''rain out'' the water vapor supply over Tennessee and Kentucky was forced in connection with low-level convergence and frontogenesis at the intersection of the LLJ with quasi-stationary convectively generated outflow boundaries (thin dashed black lines in Fig. 17 ) oriented approximately parallel to the ambient midlevel flow. This mesoscale scenario resembles the mesohigh-type flash-flood pattern of Maddox et al. (1979) and has been similarly documented in numerous studies of quasi-stationary MCSs (e.g., Bosart and Sanders 1981; Chappell 1986; Corfidi 2003; Schumacher and Johnson 2005; Ducrocq et al. 2008) .
In summary, a number of synoptic-and mesoscale ingredients, common in environments associated with heavy rainfall events and flash floods, came together to produce extreme flooding rainfall across Tennessee and Kentucky during 1-2 May 2010 and included 1) persistent strong IVT and anomalous IWV associated with a stationary AR, 2) persistent mesoscale lifting associated with quasi-stationary convectively generated outflow boundaries, and 3) MCS organization featuring back building and echo training. The extreme, unprecedented (.1000-yr recurrence interval) rainfall observed during this event, which distinguishes it from ''typical'' heavy rainfall events, likely resulted from the combined persistence of these ingredients over the same region during 1-2 May. Further analysis would be required to quantitatively test this hypothesis.
The results of the present study point to several avenues for future research. We have documented the meteorological conditions and physical processes associated with an AR extending into the central United States; however, because the results stem from just a single case, it is unclear how applicable they may be to other AR-related events in the central United States. In this regard, future studies could possibly examine 1) the climatological characteristics, 2) the common environmental conditions, and 3) the production of heavy precipitation associated with central U.S. AR events. Additionally, a comprehensive assessment of the predictability of this and other similar events by numerical models would likely provide operational forecasters with valuable information and guidance when faced with possible high-impact heavy rainfall/flooding situations in the central United States.
